In order to reduce cycle times, increase functional integration and automation further, the innovative gap impregnation process and mold technology was developed at the Institute of Plastics Processing at RWTH Aachen University (Germany) in collaboration with industry partners. The novel process enables an automated production of continuous fiber-reinforced sandwich composite structures in integral design with high surface quality in short cycle times, which is demonstrated by manufacturing a carbon fiber-reinforced plastic (CFRP) engine hood. For the first time, the gap impregnation and mold technology makes it possible to manufacture largescale, three-dimensionally shaped sandwich components in one shot and in short cycle times at similar mechanical properties compared to the reference steel hood. Furthermore, a weight reduction of about 60% to only 5 kg was achieved for the CFRP engine hood. This paper focuses on the systems engineering of the RTM-related gap impregnation process. The focus is on the utilized mold concepts for the pressurized air-assisted ejector pins, vacuum-tight sealing, the motion concept of the mold halves, resin traps, sensors for process control and the specially treated mold surfaces for class A surface components. Additionally, the main procedures, capabilities and characteristics of this innovative process are discussed.
Introduction
Continuous fiber-reinforced plastics (FRPs) offer a high potential for lightweight construction. These can be used to manufacture load-optimized components with high mechanical properties. Additionally, they are suitable for the production of primary load-bearing structures in many applications. FRPs especially attract the automotive sector's interest by enabling weight and emission reduction through intelligent lightweight engineering. At present, however, the production of continuous fiber-reinforced components is often characterized by long cycle times, low functional integration, a high degree of manual work and high expenses related to automation. Economically efficient production volumes exceeding 10,000 pieces/year require particularly high standards for the production processes and mold technology regarding automation, reproducibility, quality control, process robustness and dimensional tolerance. These challenges cannot always be met by existing manufacturing processes, which often entail a high degree of manual work. The process that best meets the named requirements is the resin transfer molding (RTM), leading to its establishment and continuous technical improvement in recent years [1, 2] . A process similar to the RTM, the gap impregnation process, was developed at the Institute of Plastics Processing (IKV) at RWTH Aachen University (Germany), which allows to reduce cycle times through an innovative mold technology and process control [3, 4] .
For this process, the integration of functional elements in the FRP component is a great advantage to increase efficiency, whereas realizing a class A surface quality and minimizing the effort to achieve this quality standard are a major challenge.
In order to overcome these challenges, the innovative gap impregnation and mold technology was developed at IKV in collaboration with industry partners Breyer GmbH Maschinenfabrik (Singen, Germany) and Hille Engineering GmbH & Co. KG (Roetgen, Germany). The novel process enables an automated production of continuous fiber-reinforced sandwich composite structures in integral design with high surface quality in short cycle times, which is demonstrated by manufacturing a carbon fiberreinforced plastic (CFRP) engine hood.
Concept of the gap impregnation process
The gap impregnation process combines the benefits of resin injection processes like RTM (automation, high surface quality on all sides, narrow manufacturing tolerances) and resin infusion processes (rapid and planar distribution of the resin, impregnation of the preform perpendicular to its plane) by a special mold technology and process control [5] . In addition to the production of monolithic components, the gap impregnation process is particularly suitable for the production of sandwich composite structures. Such structures consist of a foam core impermeable to resin flow and two outer skins made of continuous fiber-reinforced preforms. The procedure of manufacturing a sandwich component structure with the gap impregnation process is shown in Figure 1 . First, a near-net-shape preform made of continuous fiber-reinforced fabrics is inserted into the cavity, followed by closing the cavity and creating a defined flow gap on both sides of the preform in the mold cavity. This is achieved by the use of a gap impregnation mold with two movable mold halves and a fixture of the preform in the center between the mold halves. By creating the flow gaps, the preform is decompressed. This increases the permeability and allows a faster impregnation. After the evacuation of the cavity, a defined amount of resin system is injected into the flow gaps spreading in the plane over the preform. Distributing the resin system into the flow gaps enables a fast, low-resistance transportation of the resin system in the cavity. The actual impregnation of the preform occurs perpendicular to its plane, minimizing the flow distance within the preform. In order to realize a homogenous and rapid injection of the resin system and an optimum dissipation of air bubbles, the mold is brought into a vertical position. Thus, the flow direction of the resin system is oriented opposite to the direction of gravity. The flow gap allows the resin system to be distributed very quickly over the preform. Additionally, the decompression of the preform supports the distribution. After the injection of a defined amount of resin system into the cavity, the gating system is locked, followed by closure of the flow gap by moving the two mold halves into position for the final component geometry. The resin system is displaced in the flow gap through a defined motion of the mold towards the suction system, thus impregnating the remaining dry areas of the preform. If too much resin system is injected into the flow gap during injection, the excess resin system exits the mold through the suction system into a resin trap. This ensures that the desired part thickness can be reached, even if the dosing of the resin system exhibits small deviations. The closing of the mold is displacement controlled until the final component thickness is almost reached (~+0.1 mm). Thereafter, the suction system is closed and planar pressure is applied to the component, compressing it to the desired fiber volume ratio. At this point, the process control is switched to pressure control to compensate for resin shrinkage. After curing, the mold is opened and the component is removed from the mold.
The mold technology is significant for an interferencefree process sequence. Criteria like the surface quality and tolerances, the closing and movement concepts, the integration of gating and vent systems in the mold halves, as well as the temperature control and sealing concepts have decisive influences on the quality of the component and on the automated process sequence. For example, short cycle times and a consistent component quality can only be achieved by isothermal and homogenous mold tempering.
The processing of thermoset resin systems requires different mold sealing concepts compared to thermoplastics owing to the far lower processing viscosities. A sufficient sealing effect for the processing of thermoplastic melts in injection molding is already achieved through narrow tolerances of the mold halves, taking advantage of the high processing viscosity. Thus, no additional sealing is required. In contrast, rapid and high-quality impregnation of the preform by liquid composite molding demands a very low viscosity of the thermoset resin system, usually in the range of 20-200 mPa s, which is several orders of magnitude below the viscosity of thermoplastics. Additionally, an increasing fiber volume content of the preform requires a lower viscosity of the resin system during the During the research project, a weight-optimized component design was used. The CFRP engine hood had a sandwich design with a foam core (Rohacell 71 IG-F, Evonik Industries AG), an inner CF-triaxle non-crimp top layer (XCIM343-V1) and two outer CF-biaxle non-crimp top layers (XCIM341-V1 and XCIM342-V1). The fabrics were produced by Formax UK Ltd. (Leicester, UK). The detailed fiber specifications are presented in Table 2 .
Machine technology
The machine technology (Figures 2 and 3) consists of a machine frame, a movable carriage, two movable mold carriers, two mold halves and a movable mold frame.
The machine frame itself is leveled on 14 wedge mounts and does not require any special substructure or a special foundation. One vertical base plate is mounted on the right-hand side of the machine frame. On this base plate, a high-pressure hydraulic cylinder is fixed centrally. This cylinder can move the mold carrier horizontally on a linear guide. Attached to the carrier is a first mold half resembling the negative form of the top side of the engine hood.
The mold counterpart resembles the negative form of the bottom side of the engine hood. This left mold half impregnation or a high impregnation pressure of the resin system. However, the latter is not suitable for lightweight sandwich design since the foam core would collapse. Consequently, a completely different sealing concept is necessary in order to guarantee a robust automated process control with minimum cleaning efforts in series application. This includes the challenging sealing of moving mold parts such as mold halves and ejector systems.
Applied materials
A prototype resin system from Henkel AG & Co. KGaA ( Düsseldorf, Germany) (D.E.R. 331 -resin) and Evonik Industries AG (Essen, Germany) (566:19A -hardener) was used owing to its toughener modification for increased impact resistance for the CFRP engine hood. It exhibits a low processing viscosity of 63 mPa s at a temperature of 130°C after 65 s from the mixing moment (end of impregnation phase). Table 1 summarizes the resin system properties. is mounted on a second mold carrier, which, in turn, is connected to a second base plate with a high-pressure hydraulic cylinder. The base plate is mounted on a moveable carriage. A long-stroke hydraulic cylinder moves the whole carriage with the left vertical base plate. The second mold carrier and left mold half move at a velocity of up to 50 mm/s relative to the machine frame. The maximum traverse distance of the carriage is 1.2 m, so that the process-safe insertion of the preform as well as the removal of the component from the cavity can be realized both manually and by means of a handling system. Located between the two mold halves is the mold frame, which ensures the sealing of the mold halves to one another. The mold frame is hydraulically movable to allow for part removal and cleaning of the mold. It possesses a maximum traverse distance of 0.3 m. To start the production, the mold frame is first slid over the right mold half. Then, the longstroke hydraulic cylinder moves the carriage and thus the left mold half until it is also immersed in the mold frame.
Once the dipping edge of the left mold half is completely covered by the mold frame, four locking units, which are mounted on the two base plates, interlock. In the interlocked state, the base plates are firmly connected. At this point, further movement of the mold halves relative to each other is solely executed through the high-pressure hydraulic cylinders, which are bolted to the base plates.
Components of the mold technology for the gap impregnation process
In addition to the sealing and temperature control concepts, the combined fixing pins and the gating and vent system in particular were newly developed and implemented in the mold for the production of a CFRP engine hood in integral design to enable an automated process sequence. 
Sealing concept for sealing movable mold halves
The mold halves exhibit a circumferential gap of 0.2 mm to the surrounding mold frame. This ensures a movement of the mold halves in the mold frame. To seal the mold halves against the mold frame, two consecutive circumferential trapezoidal grooves with silicone O-ring seal are used in each mold half. This enables the evacuation of the mold, the sealing against resin leakage and the movements during the closing and opening process. Furthermore, the seals slipping out of the grooves for both the convex and the concave mold half can be prevented by the trapezoid shape of the groove (Figure 4 ).
Isothermal tempering for cycle time reduced component manufacturing
For an even curing of the resin system, a temperature control system for the mold frame and the two mold halves was implemented, allowing a homogenous heat distribution of up to 160°C. The isothermal temperature control is realized by means of a fluid temperature control using water, provided by GWK Gesellschaft Wärme Kältetechnik mbH (Kierspe, Germany). The mold frame and the two mold halves each have a separate temperature control. The supply of hot water to the mold takes place via pressure hoses. The hot water is passed through the mold carrier into the mold halves. The mold halves are thermally isolated from the mold carriers by insulating plates made from glass fiberreinforced plastic. The flow channels of the temperature control are arranged in a meandering pattern. By simulating the heat distribution and adjusting the flow channels, a maximum temperature difference of 6°C was achieved. 
Combined fixing pins with an integrated ejector system for reproducible impregnation and demolding
For the production of a sandwich component with a closed-cell foam core in the gap impregnation process, a temporary flow gap is necessary on both sides of the preform in order to ensure the impregnation of the preform perpendicular to its plane. To fix the preform between the two mold halves before processing, eight cylindrical fixing pins with an integrated air pressuresupported ejector system were used on either side of the mold. These fixing pins face each other and keep the preform in position so that there is a gap on both sides and a homogeneous flow front is formed. The fixing pins have a fit of Ø25 H7/e8 to the mold and are sealed against it with a double O-ring seal. While the interlocking system is active, the spacing between facing fixing pins equals the end thickness of the component. When the mold halves are withdrawn to the flow gap position by the high-pressure hydraulic cylinder, the fixing pins protrude from the molds. This is achieved by pushing off the pins against the base plates. Otherwise, when the mold is moved to the end thickness of the component with the high-pressure hydraulic cylinders, the distance between the base plate and the mold carrier is increased and the fixing pins, which are supported by coil springs, form a flat, closed surface with the mold. Once this is achieved, a cavity internal pressure of up to 7.5 bar can be reached with the high-pressure hydraulic cylinder. Because of the tight fit between the fixing pins and the mold halves, the fixing pins have to be assembled into the mold halves very carefully and have to be subsequently machined to achieve reliable functionality during the production of the engine hood. For future works, hardened functional sliding surfaces between the fixing pins and the mold halves would simplify the installation. If assembled correctly, the tight fit and additional double O-ring seal allowed little to no resin residue on the pins during production. If an occasional thin film of resin forms, it is demolded with the component ( Figure 5 ). An ejector system is integrated into the fixing pins, which facilitates component demolding and ensures a detachment of the component from the mold surface. Figure 5 shows a sectional view of the fixing pins with an ejector system and an opened fixing pin.
In each fixing pin, a second retractable cylinder with a truncated cone-shaped tip is mounted centrally. Compressed air can be blown out through the resulting gap. This detaches the cured component from the mold surface. The two cylinders are sealed against each other through a ground-in conical surface, allowing both a vacuum seal and a seal for the resin system.
Integration of the gating and vent systems for automated component manufacturing
The resin injection system, constructed by Hille Engineering GmbH & Co. KG (Roetgen, Germany), provides the necessary flow rate of resin and hardener by a piston pump, conveying both components through tempered hoses to the injection head. A static mixer is attached to the injection head. The injection head is swivel-mounted and actuated pneumatically. Thus, the injection head can be positioned horizontally for easy mounting of the static mixer or tilted to a vertical position, allowing the static mixer to connect to the mold frame for the injection of the resin system. The resin system is injected via a pin-point gate with an inner diameter of 4 mm located in the front area of the engine hood. By injecting the resin system into a pre-chamber (Figure 6 ), the formation of a homogenous flow front in both flow gaps is intended. Manufacturing the CFRP engine hood requires approx. 2800 ml of the resin system, which is injected within 35 s into the cavity. Both flow gaps are closed within 10 s, allowing the injection and compression phase to be completed after just 45 s. The suction system is positioned at the highest point in the area of the hood hinges on both the left and the right side of the engine hood, allowing the evacuation of the cavity. In the same area, a resin trap on each side is located. These cavities are designed for taking up excess resin, which is removed from the mold with the component at the same time.
In each of the two resin traps, a capacitive sensor, provided by Balluff GmbH (Neuhausen, Germany), and a vent system are integrated. Through the vent system, the cavity can be evacuated. On contact with the resin system, the capacitive sensor actuates an automatic closing of the vent system. Hence, a maintenance-free system is created and the cavity is sealed, allowing for the application of pressure. The cured resin system is removed with the component from the cavity. Both the resin traps and the gating system are equipped with an overflow edge that facilitates the removal of the resin after the manufacturing process.
Sensors for process monitoring and quality control
In addition to the two capacitive sensors integrated into the resin traps, further sensors for process monitoring and scientific analysis are installed in the mold halves, as shown in Figure 7 . Through the integration of three dielectric sensors, constructed by NETZSCH GmbH (Selb, Germany), the cross-linking level of the resin system can be determined during manufacturing close to both the gating and the vent systems. Furthermore, combined pressure and temperature sensors provided by Kistler Instrumente GmbH (Winterthur, Switzerland) enable the monitoring and measurement of the cavity pressure. On the basis of the data collected by the integrated sensors, a coherence between process parameters and component quality can be ensured.
The right mold half resembling the negative form of the top side of the engine hood has a dipping edge over its entire circumference, ensuring an easy break off of the circumferential pure resin ridge. Thus, expensive postprocessing of the component is significantly reduced.
Mold surface modification to ensure a class A surface
In current manufacturing processes, the preparation for varnishing and the varnishing process itself comprise up to 40% of the component costs in order to realize a class A surface [6] . To reduce these costs, this project's goal was to create a surface quality of the CFRP engine hood that allows direct varnishing with very little post-processing steps. Besides a sufficient varnish adhesion to the surface of the component, a minimization of the surface waviness must be achieved to allow for direct varnishing. Surface waviness is caused by chemical shrinkage of the resin system and by thermal shrinkage during cooling from the processing temperature to room temperature, leading to the fiber structure being visible on the component surface. Studies by IKV have shown that this visibility of fiber structure can be significantly reduced by using a non-woven surface textile, by reducing the fiber volume ratio and by reducing the curing temperature [4] . The application of these methods for the engine hood was only possible to a limited extent. The minimum curing temperature of the resin system of 140°C is necessary to achieve a cycle time of 15 min and ensure a maximum glass transition temperature of 135°C, so it cannot be reduced. Furthermore, it is the target of producing a high-performance structure with a fiber volume ratio of 50%. Using a non-woven surface textile would consequently lead to the reduction of the fiber volume ratio and to an increase in component weight at similar mechanical properties [7] . This would reduce the potential of the CFRP engine hood and should be avoided. Therefore, another approach was used in which defined microstructures on the mold surface were applied to generate a defined surface roughness of the mold. This defined mold surface roughness is transferred to the component surface in the manufacturing process. Thus, roughening is not required and the varnishing process can take place directly after the cleaning process and little post-processing in the area of the fixing pins for the preform. Furthermore, an improvement in the varnish adhesion is expected owing to the surface roughness.
First, the surface shrinkage of the components was examined and analyzed in order to further verify the hypotheses made. Based on these studies and on the determination of material-specific parameters, a simulation model was created that allows a prediction of surface waviness dependent on the material properties and on the laminate structure. According to the simulation and surface mapping results, a mold surface roughness of R a = 0.5 μm was deduced (where R a is the average roughness), resulting in masking of the surface waviness of the component.
For an examination of the surface quality after varnishing and of the varnish adhesion to the surface on both optimized and non-optimized surfaces, components were varnished by project partner Ford (Aachen, Germany). Figure 8 shows photographic images of the surface of components (A) without and (B) with optimized mold surface topography.
A comparison of (A) and (B) shows significant visible fiber structures on the component for (A), whereas for (B) no surface flaws are visible owing to the optimized mold topography with a roughness of R a = 0.5 μm. The principle was successfully transferred to the engine hood. However, because of the construction of the fixing pins, the areas where the engine hood is positioned in the mold required more detailed post-processing (e.g. sanding of the remaining resin residue; Figure 5 ). To minimize this, the fixing pins should, in the future, be moved to the non-visible areas of a part.
In addition to the surface quality, the varnish adhesion to the surface represents another challenge. In particular, varnished frontend car parts are vulnerable to rock chipping, so flaking and detachment of the varnish layers must be avoided. This can only be realized by a sufficient adhesion of the varnish layers to one another and to the component. For this purpose, a varnish adhesion test, known as cross-cutting test, was carried out on manufactured and varnished components at project partner Ford. In this cross-cutting test, a pattern is generated on the component by cutting through the varnish layers. Then a strong adhesive tape was applied to the cut area and quickly pulled off the component. To pass the test, no varnish parts may detach from the component. Figure 9 shows the results of the varnish adhesion tests of components (A) without and (B) with optimized mold surface topography (roughness of R a = 0.5 μm).
The results show that sufficient varnish adhesion can be achieved with the optimized component surface quality. Figure 10 shows a varnished demonstrator of the CFRP engine hood that meets the requirements of a class A surface quality.
Conclusion and outlook
Based on the scientific work carried out at IKV, a closeto-production gap impregnation and mold technology for the manufacturing of a CFRP engine hood in integral design was developed and applied. For the first time, the gap impregnation and mold technology makes it possible to manufacture large-scale, three-dimensionally shaped sandwich components in one shot and in short cycle times. Through the development of combined fixing pins with an integrated ejector system, a double-sided impregnation of the preform and the demolding of the component after curing can be realized. The redevelopment of the gating and vent system allows for low-maintenance manufacturing. The injection and compression phase in the manufacturing process of the CFRP engine hood has been reduced to only 45 s. The cycle time for the manufacturing process, limited by the curing reaction of the resin system, amounted to 15 min. At similar mechanical properties compared to the reference steel hood, a weight reduction of about 60% to only 5 kg was achieved for the CFRP engine hood. By optimizing the mold surface topography and process parameters, a ready-to-varnish surface structure with a significantly reduced need for post-processing of the CFRP engine hood was generated meeting class A surface and high automotive requirements for certification. In future work, this gap impregnation process and mold technology will be adapted for the development and manufacturing of further sandwich components and further advanced in regard to cycle times. industrieller Forschungsvereinigungen "Otto von Guericke" (AiF). We would like to extend our thanks to all organizations mentioned. The CFRP engine hood was developed in a joint research project and as part of the promotional competition Hightech.NRW (job no. PtJ-Az.: z0903ht018b 
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